There is an important body of literature using multi-criteria distance function methods for the aggregation of a battery of sustainability indicators in order to obtain a composite index. This index is considered to be a proxy of the sustainability goodness of a natural system. Although this approach has been profusely used in the literature, it is not exempt from difficulties and potential pitfalls. Thus, in this paper, a significant number of critical issues have been identified showing different procedures capable of avoiding, or at least of mitigating, the inherent potential pitfalls associated with each one. The recommendations made in the paper could increase the theoretical soundness of the multi-criteria distance function methods when this type of approach is applied in the sustainability field, thus increasing the accuracy and realism of the sustainability measurements obtained.
Introduction
The origin of the concept of sustainability has been traced by Pretzch (2014) referring to key research undertaken by Central European foresters more than 300 years ago (von Carlowitz, 1713) . The basic idea of these pioneers was to request from a forest a longterm stable supply of a flow of goods and services necessary for the welfare of human beings. Later on, this concept of sustainability was transferred from forestry to other natural systems. Until very recently the commodities and services demanded from natural systems was always understood as being within a context of monofunctionality. That is, the basic purpose of natural systems is to provide inputs that the production system transforms into goods and services, whose consumption satisfies primary human needs.
The above approach for measuring the sustainability of a natural system was not questioned until the second part of the last century, when it was recognized that the environment had physical limits, making it necessary to move to a new context of multifunctionality. In this direction the seminal work by Gregory (1955) should be cited. Although this work is focused on forest systems, its basic ideas are straightforwardly applied to the multifunctionality of any natural systems. In fact, modern societies require not only the long-term durable provision throughout the time of raw materials from natural systems to be transformed into outputs, but also a supply of an important number of environmental goods and services like biodiversity conservation, carbon sequestration, soil erosion, etc.
The above mentioned shift towards the multi-functionality of natural systems implies key changes in the concept and measurement of sustainability. In other words, nowadays any specific natural system should supply a lasting broad spectrum of goods and services of a very different nature. Some of them are valued by the markets, but others, although no less essential, have no market value.
Within this new scenario it seems sensible to use a battery of indicators as a proxy of the different functions provided by a natural system. Thus, any sustainability measurement is established by the aggregation of those indicators into a single composite index, the value achieved by this index being a proxy of the respective sustainability goodness.
Following the above direction, a promising line of research is to treat the indicators as criteria. In this way, it is possible to resort to the work done in the Multiple Criteria Decision Making (MCDM) field. In fact, the purpose of MCDM is to aggregate in one way or another a set of conflicting criteria, so that it is only needed to change criteria for indicators and to proceed to their aggregation. Given the correspondence between the aggregation of criteria and that of sustainability indicators, in the last decades a substantial body of literature applying MCDM techniques to the measurement of sustainability has appeared. In a recent review (Diaz-Balteiro et al., 2017a) more than 270 papers included in the ISI Web of Science database dealing with sustainability from a multi-criteria perspective have been found, with a considerable increase in papers published in recent years.
Among the different MCDM approaches used for addressing sustainability issues, the multi-criteria methods based on the minimization of distance functions (MDF) have achieved paramount importance (Lozano-Oyola et al., 2012) . However, despite the interest and success of this orientation, many of the applications reported in the literature are not exempt from difficulties, which imply poor modeling practices, leading to possibly erroneous results. The main aim of this paper is to detect several types of vital issues regarding the application of different MDF techniques for measuring natural system sustainability. Besides this, several methods to overcome these potential insufficiencies are proposed. The practical effectiveness of this type of approach could therefore be increased. It should be noted that the idea of this manuscript was not to review MDF methods applied in sustainability issues, but to make some reflections on the use of these methods, in order to gain some insight and make recommendations for future work.
The paper is organized as follows: in Section 2 the basic aspects of MDF methods are presented; after that, a set of major issues is given, proposing methods for overcoming possible misconceptions and pitfalls. The paper ends up raising some basic conclusions.
Multi-criteria distance function models: some basic aspects
In this section, the core of the multi-criteria distance function (MDF) approach referring to a sustainability setting will be briefly presented. Thus, we have i ¼ 1,2, … n systems to be evaluated according to j ¼ 1,2, … m sustainability indicators. R ij measures the value reached by the ith system when it is evaluated according to the jth indicator. W j represents a preferential weight, that is, the relative importance attached by the Decision Maker (DM) to the jth indicator with respect to the others. Also, p is the topologic metric defining the L p family of distance functions. K j is a normalizing constant and, finally, b R j represents a desirable level of achievement for the jth indicator. X i is a binary variable, taking the value 1 when the ith system is the most sustainable one, otherwise X i ¼ 0, being the value achieved by the objective function the measurement of the sustainability of the ith system. Thus, by solving model (1)e(4) n times, incorporating in each iteration the additional constraint X k ¼ 1, when the kth system is the most sustainable among the remaining ones, then the ranking of the n systems in terms of sustainability is obtained. The values achieved by the respective objective functions provide the sustainability measurement for each system. See Diaz-Balteiro and Romero (2004a) for a detailed explanation of the whole optimization process. Once all the variables and parameters have been defined, the analytical expression for the MDF model is:
Underlying the general MDF model given by (1) are an important number of specific models according to the value of the metric p and according to the meaning given to the desirable level of achievement b R j . Thus, if b R j is an ideal value, model (1) derives towards a compromise programming approach, if b R j is a "satisficing" target model (2) derives towards a goal programming approach, etc. Regarding the value of the metric, for p ¼ 1 model (1) turns into the following one:
(2) Model (2) implies optimizing the average providing the best aggregate performance. However, this solution can give poor results for some of the indicators. This bias can make this type of solution unacceptable from a sustainability perspective. For metric p ¼ ∞ model (1) turns into the following one:
D being the maximum deviation. In this way, the "most balanced" solution is obtained. This solution is an appealing one due to its balancing character but it can produce poor "average" results. It is tempting to use metric p as a "balancing factor" between "average" and "balance". However, this type of orientation leads to having to solve complex non-linear and non-convex mathematical programming problems. That is why the above conflict within the MDF approach is usually treated by trading-off L 1 and L ∞ , with the help of the following model:
Subject to:
In model (4) l plays the role of a control parameter. Thus, when l ¼ 1 model (4) turns into model (2) and the "average" is optimized and when l ¼ 0 , then model (4) turns into model (3) and the "balance" is optimized. For control parameter values belonging to the open interval (0,1) compromise solutions between L 1 and L ∞ can be obtained if they exist. One example of these compromise solutions within a sustainability context can be seen in G omez-Lim on and Sanchez-Fernandez (2010). Hence, control parameter l can be interpreted as being a marginal rate of transformation between "average" and "balance". Some clarifications on the meaning and implementation of MDF model in the sustainability field are made in Section 9.
Indicators and criteria
In talking about criteria and indicators, it is necessary to point out that there is no unanimous consensus in scientific literature on when to use either word or the other. Thus, many works have not differentiated between criteria and indicators (in Diaz-Balteiro et al. (2017a), 25.8% of the articles analyzed did not make that differentiation), and on many occasions they were taken to be synonyms. There is also a frequent hierarchy between the two terms, so that, if it is aimed to analyze the sustainability of a natural system, a set of indicators is defined for each of the criteria.
The same as happens in the different ways of denominating that aggregate index (index or composite indicator, synthetic index, aggregate index, etc.), other authors use other denominations to name the criteria and indicators. For example, the economic, social and environmental dimensions of sustainability are often called "pillars", whereas, in other works, those dimensions are only treated as criteria. In another sense, Wang (2015) talks about subindicators, and Kuzdas et al. (2016) about principles. Besides, in complex problems, more levels than that of a criterion or indicator are defined. It is fitting to insist that these circumstances are produced in academic works since, in institutional spheres (international organizations, government agencies, etc.), it is indeed permitted to analyze sustainability by means of a closed set of criteria and indicators.
Although in its beginnings sustainability had been defined on the basis of environmental, economic and social criteria, since then its casuistry has become more extensive and works in which other types of criteria are employed are easily found; for example, those including an institutional dimension (Valentin and Spangenberg, 2000) . The inclusion of these criteria ad hoc is often explained by the difficulty in finding data for some criteria and/or indicators, or because it is attempted to specify much better the scope of each element intervening in the evaluation of the sustainability. However, for some authors and under certain circumstances, the environmental criteria have a pre-emptive importance with respect to the social and the economic ones (e.g., Bathrellos et al., 2017) . Finally, it should be noted that the application of MDF methods requires the classification of the indicators into two analytical categories, "less is better" or "more is better", according to different publications (e.g., Voces et al., 2012) .
There is another issue of interest in the use of MCDM models for evaluating the sustainability of a natural system. To be specific, we refer to the number of criteria and indicators employed in the analysis. Some data available show us that, in each work, the average of criteria used is over 4, whereas that of indicators is close to 19. In fact, it is not infrequent to read works in which the number of indicators used exceeds 40 as takes place in Diaz-Balteiro et al. (2017a) . This practice often signifies employing in the analysis indicators that may be correlated with others. That is why, before application of the MDF methods, it is recommended to make a statistical analysis beforehand in order to measure the correlation between pairs of indicators and, in the case of exceeding a certain threshold, the number of indicators could be reduced (OECD, 2008; Singh et al., 2009) . Some reviews carried out have shown that few works follow this trend (Diaz-Balteiro et al., 2017a) , while other authors suggest that, if there is a correlation between the indicators, some MDCM methods cannot be applied (Salvado et al., 2015) .
Strong and weak sustainability
The distinction between a strong and weak sustainability is one of the precisions most abundantly cited in the literature in relation to the concept of the sustainability of a natural system (Neumayer, 2013) . Although other authors describe MDCM methods with which they report being able to analyze strong sustainability (Shmelev, 2012) , mainly through compensatory aggregation methods, this is not common to all the MDF methodologies. Indeed, most MDF methodologies start from the hypothesis that there is a certain degree of compensation between criteria and indicators (C/ I), so that, in principle, on using these techniques we should always be talking about a weak sustainability. However, exceptions to this rule have been found in works like Blancas et al. (2010) , using goal programming, and in Ruiz et al. (2011) where, instead of an aggregate index, two synthetic ones are proposed: one with a weak sustainability orientation and the other a strong one.
Additionally, it should be noted that the degree of compensation between C/I can always be specified in MDF methods (Ruiz et al., 2017) . For instance, in defining a lexicographic goal programming model, it can always be guaranteed that certain indicators reach values corresponding to the levels aspired. Namely, with this technique, the decision-making center ensures that there can be no finite trade-off between the values of some indicators/criteria as is shown in Romero (1991) . Also, through interaction with the stakeholders, the exchange between the set of indicators can be limited, in such a way that exchange is not always feasible. Thus, a certain natural system can be obliged to be sustainable if it reaches some minimum reference values for each indicator (Diaz-Balteiro et al., 2016a) . In synthesis, addressing sustainability by assuming that, in principle, it is not a strong case sustainability does not imply that the possible exchanges between the indicators are always perfect. This idea is in agreement with the one proposed in Neumayer (2013) defining hybrid indicators for strong sustainability, which combines physical indicators (in theory the only indicators permitted when strong sustainability is analyzed) with monetary valuations.
Static and dynamic indicators
Within this context, we usually think in terms of a static-type measurement (measuring over time). However, sustainability in itself is a dynamic concept (Moldan et al., 2012) , permitting changes in criteria and indicators throughout the time (Popp et al., 2001) . For that reason, it is often of great interest to articulate a procedure allowing an adequate aggregation of the values expected from the indicators over a period of time. This focus would permit, for example, the carrying out of simulation exercises in order to verify how the sustainability of a natural system would vary in diverse scenarios. This is of great importance in natural systems, in which handling alternatives promoting a more sustainable management have to be evaluated on a long-term basis, such as in the case of forest systems shown in Hickey and Innes (2008) .
MDF methodologies can be modified to integrate this new perspective and, in principle, two distinct problems can be defined. The first one would be to dispose of a historical series of a set of indicators and to calculate how the sustainability varies throughout the time. Here the value of the aggregate indicator could be valid in order to see how the sustainability varies over the time provided that certain hypotheses are assumed. For instance, it has to be presumed that the preferences of the decision-making centers for the different indicators are not modified (see sections 8 and 9).
On the contrary, for the second type of problem, the criteria and indicator values would have to be simulated in a planning horizon against diverse hypotheses. This implies that a greater care should be taken when selecting the indicators and adequately justifying how the values of each indicator are calculated in the future. On these lines, in Diaz-Balteiro et al. (2017b), for a forest management exercise, the values of six indicators for the next hundred years were calculated. By means of a model proceeding from eq. (4), three management alternatives were defined and the aim was to select the best one in the face of six different climate change scenarios. That is to say, that through the aggregation of indicators, the best management alternative can be chosen for each scenario proposed initially.
The necessity of a normalization system
The sustainability indicators used in a particular problem have to be normalized for the following two reasons:
a) The indicators are generally measured in different units, so they are not commensurable. In short, to apply an aggregation rule to a battery of sustainable indicators without a previous normalization is like adding "cubic meters of timber with Euros of net present value". If we were to operate in this way, the final figures obtained would have no logical meaning. b) Given the broad nature of indicators used in the sustainability field, the values achieved by them are, in general, very different. In this situation, the solution provided by any aggregation rule could be biased as more implicit importance is given to the indicators with higher numerical values than those with lower ones; that is, the former indicators receive something like an artificial extra-weight with respect the latter ones, which does not reflect the relative importance attached by the DM to the different indicators considered. Many possible normalization systems can be applied, and choosing one of them involves different implications (Pollesch and Dale, 2016) . After all, from a mathematical perspective, normalizing implies dividing a vector by a norm; i.e, parameters K j of model (1). In our context, vector ith represents the values achieved by the ith system for the m indicators considered. On the other hand, a norm is a scalar attached to a vector with the respective mapping holding some intuitive axioms. Given these considerations, one possible normalization system that is mathematically valid and profusely used in the sustainability field is the following (Diaz-Balteiro and Romero, 2004b) :
where all the variables were defined in section 2, R * j and R *j being the best (ideal), and the worst (anti-ideal) values achieved by the jth indicator. In this way, R ij represents the normalized value attached to the ith system when it is evaluated according to the jth indicator. With this normalization procedure, the indicator values have no dimension and all of them are bounded between 0 and 1. Hence, the two problems pointed out above are overcome. In fact, there are no commensurability problems, and the possible effect of different numerical values also disappears.
There are other potential normalization systems like fixing an Euclidian norm, summation normalization, the zero-one procedure, etc. (see Tamiz et al., 1998, pp. 572e573 for technical details). Which of them is the best normalization system is still an open question in the sustainability field. The right choice basically depends on the characteristics of the specific problem analyzed. But, within a sustainability context, the indicators used must be normalized in one way or another if we want that the final solutions reflect the reality analyzed with a minimum of accuracy.
The weighting question
Except in the case of using tools like DEA to obtain the weights (Zhou et al., 2007) , in all multi-criteria MDFs the parameters W i aim to capture the relative preference attached to the DM to each one of the m indicators considered in a particular problem. Basically, the following three strategies have been used for dealing with this preferential issue: a) To attach the same preferential weight to all the indicators. Even though this orientation is objective and clear it hides crucial aspects of the reality analyzed. In fact, it is fairly obvious that, in general, the relative importance of the different indicators within a sustainability context might be significantly different. However, this is the strategy most widely used for aggregating sustainability indicators with an MDF approach (e.g., Diaz-Balteiro and Romero, 2004; Lopez-Ridaura et al., 2009; Gim enez et al., 2013) . This might be due to the influence of the famous Brundtland report, which implicitly confires the same importance to the aspects characterizing the sustainability of a system as proposed in Valentin and Spangenberg (2000) . b) To implement a sensitivity analysis with the values of the preferential weights. In this way, the level of robustness of the sustainable measures obtained with respect to changes in the values of the preferential weights can be checked. This approach is an improvement on the latter one, and is adopted in many works like that of Ruiz et al. (2011); Doukas et al. (2010) ; Streimikiene et al. (2012) . In a recent paper, Becker et al. (2017) deal with a modification of this approach in order to measure the importance of each indicator in a composite index. However, the sensitivity analysis does not tackle the actual underlying problem: how to incorporate a measurement of the real preferences of the DM into the sustainability analysis. c) To estimate the value of the preferential weight through an interactive process with the DM. This orientation is the most ambitious and also the most realistic one. However, given the usual high number of indicators and/or sometimes the use of a significant number of stakeholders, it would seem advisable to resort to relatively straightforward interactive methods. That is, methods requiring a large amount of information from the DM do not work in practice. In this sense, the classic interactive methods proposed by the multi-criteria school, although theoretically sound, do not appear to be suitable in a sustainability context (e.g., Wallenius, 1976, 1983) . More pragmatic methods like those based on a "pairwise" comparison format, seem more advisable. In fact, with this type of interaction a global preferential assessment of the m indicators considered is not required from the DM, but a local assessment, which is much easier to provide. Some papers following this orientation are, among others, G omez-Lim on and Riesgo (2009); Diaz-Balteiro et al. (2011, 2016b) .
The role of the stakeholders: searching for social weights
The current complexity associated with the determination of the individual preferential weights has increased nowadays, due to the manner in which different social groups or stakeholders perceive the relative importance of the different sustainable indicators considered. In fact, in the field studied, there are stakeholders like farmers, consumers, environmentalists, public decision-makers, etc. with different perceptions of the relative importance of the indicators considered (e.g., Bausch et al., 2014) . In short, sustainable measurements are researched nowadays within a participatory decision making context.
The above considerations imply the need to aggregate in one way or another individual preferential weights into collective or social weights, which, in the best possible way, reflect the preferences of the different stakeholders as a whole; i.e., parameters W i should reflect collective preferences instead of individual judgments. In short, it is necessary to enter into the field of group decision making or social choice. Within this field, the well-known Arrow impossibility theorem shows how there is no aggregation rule for the individual preferences holding a set of sensible conditions or axioms when individual preferences are stated in an ordinal way. However, within a sustainable context, preferences are normally stated with a certain degree of cardinality. Thus, the information of interest is not to know whether one indicator is preferred or indifferent with respect to another one, but to state the intensity of the respective preference. It is more complicated to provide cardinal preferential information, but, paradoxically, the latter is more easily aggregated. Thus, Keeney and Kirkwood (1975) and Keeney (1976) demonstrated that when the individual preferences are stated through cardinal utility functions, there are collective choice rules, like the multi-linear utility function, fulfilling the Arrow conditions.
On the other hand, it is important to be aware that, within a sustainable context, the number of indicators considered is normally very high and the number of stakeholders is not negligible. Therefore, it does not seem advisable to resort to approaches based on multi-attribute utility functions for not being implementable in our context. Within a sustainable context it is necessary to select the most pragmatic approaches capable of determining collective preferences.
Within this pragmatic focus, seemingly, a promising tactic would be to request from the stakeholders their preferences with respect to the different indicators following a "pairwise" comparison format. In this way, the aggregation procedure would consist of the aggregation of a number of "pairwise" comparison matrices equal to the number of stakeholders considered. This task is affordable from the modeling point of view as well as from a computational perspective. See, in this direction, the works by Gonz alez-Pach on and Romero (2007) In any case, how to implement an aggregation rule for a set of individual preferences in our field is still a wide open issue, requiring more research (R€ onnqvist et al., 2015) . However, this being a controversial topic, the consideration of a sustainable assessment within a participatory decision-making context is nowadays of paramount importance.
The selection of an aggregation rule: some preferential considerations
The MDF outlined in Section 2 implies a significant number of aggregation rules depending on the value chosen for metric p or for control parameter l. However, in the sustainability literature, the selection of the aggregation rule is generally made mechanistically, without taking into account the different structures of DM's preferences underlying the aggregation rule chosen. Thus, Burgman et al. (2014) state that it is usual to choose an aggregation system without any theoretical or empirical justification. For instance, within the field of sustainability, Salvado et al. (2015) chose the additive weighting method as an aggregation rule, under no theoretical or empirical justification conditions. The above issue is quite crucial if we want to obtain composite indices and rankings compatible with the actual preferences of the DM. This argument is developed in what follows. Thus, as mentioned in Section 2, it is well-known in the multi-criteria literature that metric p or control parameter l play the role of a balancing factor between the optimization of the average achievement (p ¼ 1 or l ¼ 1) among indicators, or the minimization of the value achieved by the indicator most displaced with respect to the solution obtained. This latter solution is the most balanced option (p ¼ ∞ or l ¼ 0). On the other hand, for values of metric p belonging to the open interval (0, ∞) or to the control parameter l belonging to the open interval (0,1) compromise composite indices, if they exist between the average and the balance orientations, can be obtained. See Yu (1973 Yu ( , 1985 , Andr e and Romero (2008) for technical details. However, it is important to note that, for computational reasons, the determination of the compromise solutions is usually made with the help of control parameter l instead of metric p. In fact with this strategy it is only necessary to solve linear programming models of a moderate size.
Following this type of argument, it is important to realize that, in a sustainability context, the optimization of the averages may provide problematic solutions. This idea can be illustrated with the help of a simple numerical example. Thus, let us assume that I EC and I EN represent two criteria measuring the economic and environmental achievement of a set of natural systems, respectively. Both criteria are measured according to a scale [0, 10] in the sense "more is better", with the following scoring for three feasible systems: 10 þ 0; 0 þ 10; 4:5 þ 4:5
It is obvious that a MDF for metric p ¼ 1 or l ¼ 1 will choose the first or the second one (alternate optima) as being the most sustainable system. However, it is very likely that neither system will be acceptable from a sustainable perspective, the first one for environmental reasons and the second one for economic ones. However, the third one, due to its balanced character seems to be implementable in a real sustainability scenario. The so-called paradox of the averages is crucial in many contexts and very especially within an environmental sustainability context. It is important to note that this type of paradox implicit in some MDF models also underlies several additive approaches applied in the sustainability field like the AHP or MAUT ones, when the assumption of the independence of preferences is accepted. For those reasons, the selection of a rule for the proper aggregation of a set of indicators must not be made mechanistically if we wish the composite indices obtained to be accepted in sustainability scenarios by real decision-makers.
Conclusions
MDFs have been profusely used for measuring the sustainability of natural systems. The respective aggregation of indicators into a composite index is undertaken by minimizing topological distances between the values achieved by the different indicators and a reference vector of desirable values. The value achieved by the composite index measures the sustainable goodness of a natural system. This type of quantitative information might be useful, among other things, for designing sensible environmental policies.
MDF is a well-established method in the management science/ operational research discipline, enjoying good theoretical properties and with its application only requiring a light computational burden. However, this paper clearly shows a significant number of oddities and misconceptions when this approach is applied within a sustainability context. This paper not only detects these critical issues but also proposes ideas and methods for circumventing them. Some of them are easily addressed, such as: the normalization of the values achieved by the indicators, the preferential meaning underlying any aggregation rule, the incorporation of preferential weights, etc. On the other hand, others like the consideration of the role of the stakeholders in the analysis is still an open problem requiring more research. Anyway, the consideration by the analysts of the recommendations made in this paper will increase the accuracy and realism of the sustainability exercises undertaken with this type of approach.
